Abstract-Regarding a control network for a building air-conditioning system, signal waveforms on the transmission lines without terminators were calculated and compared with experiments. The calculation predicated the severe distortion in the signal waveform due to line end reflections in the cases of improper line connections such as loops or long branches.
Cost is one of the most important factors in control networks for building facilities such as airconditioning or lighting systems. As the total length of a control network is very long such as a thousand meters, reducing installation cost is strongly demanded. We have proposed a low-cost media access control method UART-CSMA/CD (Carrier Sense Multiple Access with Collision Detection using Universal Asynchronous Receiver Transmitter) which enables to omit terminators for impedance matching on the transmission line [1] . However, the affection of signal reflections has been studied only in the case of a point-to-point connection using a lossless transmission line model [2] .
In this research, we use our new model for waveform calculations assuming lossy transmission line and complex line connections. The calculation results have been verified by comparing with the experimental results. Our new model predicts the level of the returning reflection signal for a variety of terminatorless line connections. In the case of an improper connection such as a loop connection, our calculation and experiment indicate a wide distortion region in the front part of one bit pulse resulting in wrong bit sampling. We confirmed that our calculation is useful for prior evaluation of actual line connections in the building. Figure 1 shows the concept of a control network for air-conditioning facility. In a typical building airconditioning system, there are hundreds of controllers distributed throughout the building. Fig. 2 shows the structure of an UART-CSMA/CD controller connected to the transmission line. The total line length often reaches as long as approximately 1000 m. Therefore, not only the costs of each controller but also cost of network installation should be decreased. Since this network has to be installed in the most inexpensive way, any network wiring devices such as line terminators are not allowed to be used. It is well known that impedance mismatching at the terminal points adversely affects on the signal waveform in the case of a significantly long line.
UART-CSMA/CD CONTROL NETWORK
As shown in Fig. 1 , the routes of transmission lines in the building are very complicated including many branches, stubs, and very long lines. Therefore, it is extremely important to predict signal waveform distortions on the terminatorless lines in the particular case of the building before the construction of the control network.
SIGNAL TRANSMISSION WAVEFORMS

Calculation Model
In this research, we use a mathematical model for a lossy transmission line. The fundamental differential equations of signal voltage v(x, t) and current i(x, t) for a distributed constant circuit are
where L 0 , R 0 , C 0 , and G 0 , are first order circuit parameters of the transmission line. Since it is extremely difficult to obtain an analytical solution in cases of complex line connections that make the boundary conditions very complicated, we have made a discrete model in which each line consists a number of small segments with lumped circuit parameters. Therefore, the differential equations (1) were converted to the difference equations for a segment of the transmission line as shown in Fig. 3 . Using Kirchihoff's law, the difference equations for a segment are expressed as follows,
By giving boundary conditions, initial conditions, and a source voltage function, the difference equations were solved using the numerical calculation algorithm. Since the bit rate of our signal is very low such as 19.2 or 9.6 kbps, the length of one segment of the model is set as 50 m, that is, the number of segments is 20 in the case of full line length. Figure 3 shows an example of a complex connection of the transmission lines that consist of many segments. The example is called a loop connection. Although the Fig. 3 shows only an example of a loop connection, our model can support a variety of connection topologies such as basic point-to-point, long branch, and short stub connections. Table 1 . As the characteristic impedance of the cable is Z 0 = 69 Ω and the receiving impedance of the RS-485 receiver is Z 2 = 12 KΩ, severe impedance mismatching will take place at the end if any terminator is not connected. Figure 4 shows the calculation and observation of the signal waveforms for the case of a basic point-to-point connection without terminators. At the sending point, x = 0 m, a typical kink shape is seen on the rising part of every bit pulse due to returning reflection signal form the far end. The reflection signal level ratio at the sending point was L Ro = V 1o /V 2o = 2.0 by the observation and L Rc = V 1c /V 2c = 2.2 by the calculation. The shape of the signal waveforms by the calculations are similar to those observed on the actual transmission line. At the receiving point, x = 1000 m, the waveform shape of the calculation is less similar to that of the observation than the case of the sending point. However, the calculated waveform correctly indicates a feature of the reflection in the case that the receiving impedance Z 2 is very large as compared to the cable impedance Z 0 . 
COMPLEX LINE CONNECTIONS
We calculated the signal waveforms in many cases of transmission line connections such as extremely long point-to-point, long branch, short stub, and loop connections, which might appear in the actual installations. Our model indicates that the most severe distortion occurs in the case of loop connections. Figure 5 shows signal waveforms by observation and calculation in the case of a loop connection. In this case, the sending point and receiving point are connected by two lines consequently the lines form a loop connection as shown in Fig. 3 . It was assumed that the length of one line is 1000 m and that of the other line is 2000 m. Since there are two returning reflected signal traveling for different periods, the rising part of the waveform at the sending point is heavily distorted. The signal level of the distorted region was V 2o = 0.4 V in the case of observation and V 2c = 0.6 V in the case of calculation. Since the UART reads the signal level at the middle of the bit width as shown in small circles in the Fig. 5(b) , there is a possibility for the UART to read the signal level in the distorted region. Our calculation successfully predicts the possibility of misjudge of the digital value "0" or "1" in the case of such unstable samplings. Although this is a simple case of packet sending by one controller, the voltage level sampling will be extremely difficult in the case of packet collision because the waveforms of the superimposed bit signals that will suffered form the more severe distortions. Figure 6 shows the relationship between the signal waveforms discussed above and our previously proposed communication protocol UART-CSMA/CD. Fig. 7 shows the logical performance of our protocol for the bit rate of 9.6 kbps, that is, the throughput versus the offered communication load evaluated by computer simulations and experiments. In the case of simulation, it was assumed the signal on the transmission line is perfect and never contains any distortion in the waveform. In the region of light offered load, the simulation and experiment show the same characteristics. However, in the region of extremely heavy offered load where packet collisions occur intensively, there are differences between simulation and experiment data. There is a possibility that the difference might be related to the signal waveform distortions due to impedance mismatching on the terminatorless transmission line. 
CONCLUSIONS
In this paper, we have shown that our calculation model of lossy transmission line is effective to predict waveform distortions by reflections in the cases of a variety of line connection topologies. We confirmed that our calculation is useful for prior evaluation of actual line connections in the building. In future, we will study the relationship between the waveform distortions and the collision detection failures.
